Introduction
Graphene is a one-atomic thick layer of carbon atoms arranged in a honeycomb hexagonal lattice. It has attracted tremendous research and commercial interest due to its exceptional properties, such as high surface area, excellent thermal and electrical conductivity, high mechanical strength and barrier properties etc. [1] [2] [3] [4] . As a building block, graphene has been widely used to prepare various functional materials with precisely tailored properties 5, 6 , including humidity sensors, composites, energy storage devices, catalysts etc. 3, [7] [8] [9] . Theoretically, monolayered functionalized graphene is by far the best functional filler component for all potential reinforcements due these properties 10 and, as such, it has been used in various graphene/polymer composites, not only to enhance the existing polymer properties but to introduce new otherwise unachievable properties in polymer-based materials science 8, [11] [12] [13] [14] . One advantage of using graphene in nanocomposite fabrication is that at even very low loading, a significant increase in the multifunctional properties is observed when compared to conventional fillers. The resulting mechanical properties are due to its extremely high aspect ratio and increasing interfacial molecular bond between graphene sheets and the host matrix, both contributing to the strengthening and bending resilience effect 15 .
Compared to carbon nanotubes, graphene has emerged as a viable option for polymer reinforcement. Since their discovery, carbon nanotubes application in polymer reinforcements has been limited and challenging. This is because carbon nanotubes are still expensive to fabricate, have poor aqueous dispersibility and poor interfacial molecular bonding with the polymer matrix 16 and, thus, in many cases do not lead to the sought-after enhancement of properties. However, despite being a more recent material discovery than carbon nanotubes, graphene has already shown a lot of promise as a feasible and economical option for fabrication of highly efficient polymer based composites.
Natural polymer micro and nanostructures, such as cellulose-based materials, have gained increasing interest for wide scale application due to their renewability and biodegradability, low cost 4 and density, interesting mechanical properties, non-toxicity etc. [17] [18] [19] . However, most of the functional properties required for the next generation applications in engineering, medical, printed and electronic industries, for example, cannot be provided by purely cellulosic-based materials 17 . In order to meet the growing demand for sustainable materials, fillers having a nano-dimension with defined functional properties can be incorporated into the polymeric cellulose fibrillar matrix that enhance the existing properties of the cellulose-based material 19 . The produced composites can be tailored for specific application by controlling the type and amount of filler used, production method, surface chemistry of the filler and the cellulose matrix.
Cellulose materials such as micro nanofibrillated cellulose (MNFC) have shown to be ideal for composite fabrication due to their specific surface chemistry that makes them compatible with various nanofillers. The surface of MNFC is rich with -OH and CH functional groups that promote grafting with various nanofillers, and give MNFC its amphiphilic properties. It is important to note that compatibility of the filler and polymer matrix is vital for the overall performance of the produced composites. Excellent compatibility between the polymer matrix and nanonofiller leads to a high interfacial molecular interaction and thus increases the stress transfer between the filler and the matrix.
Moreover, this also promotes the homogeneous dispersion of nanofiller in the polymer matrix.
Graphene and its derivatives graphene oxide (GO) and reduced graphene oxide (RGO) have been incorporated into aqueous cellulose dispersion to produce matrix composites with enhanced properties. Oxidised graphene is the popular choice for this application due to the presence of oxygen functional groups on the surface and edges that promote compatibility with the polar polymeric matrix.
A major portion of prior reported work involves utilisation of GO or RGO as nanofillers in such cellulose matrices. GO is prepared by oxidation of graphite, in practice based on a variety of modified protocols 20, 21 . GO is then reduced to form RGO, and the dispersions are formed by sonication in water/solvent solutions.
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Even though GO and RGO make very compatible fillers for polymer composite fabrication, they do not exhibit many of the exceptional properties attributed to pristine graphene. Therefore, there is still a need to find better methods for fabrication of graphene/polymer composites that can make use of the excellent properties of pristine graphene in composite materials, whilst generating sufficient compatibility between the graphene and the host cellulosic material to form an integral composite.
Wider scale application of graphene has been hindered due to lack of viable and efficient fabrication methods. The desirable methods for graphene production especially for composite application are those that utilise graphite as a raw material. Graphite is a natural material that is relatively low-cost and abundant 22 . Pristine graphene dispersions, i.e. adopting graphene produced without oxidation processes, are normally produced by liquid phase exfoliation methods, such as sonication or by shear exfoliation of graphite in solvent or surfactant media 23 . However, low yield, high cost and toxicity of solvents makes this method not viable for wider applications. Besides, most of the surfactants used are not suitable for composite fabrication and the solvents are not only expensive but also ecologically unfriendly 24 . Therefore, there is a dire need for utilisation of green materials for fabrication of highly functional composites using feasible methods.
In this study, graphite is directly exfoliated to graphene in aqueous MFC suspensions by the application of high shear. It has been shown in our earlier study, and other studies that shear exfoliation can be used to form few-layer graphene sheets in surfactant and polymer solutions [25] [26] [27] . The suspensions are then used to produce functional graphene/MFC composites. As a reference material, RGO powder is also exfoliated in MFC suspension and compared to graphene based MFC films.
Theoretically, the surface chemistry of RGO allows for the formation of more interesting MFC composites with enhanced properties. Therefore, as a reference material, it will be used to compare how well graphene/MFC composites perform in comparison with RGO reinforced MFC composites, which is a well-accepted filler material due to the presence of functional groups. Direct exfoliation of 6 graphene in MFC suspensions offers many advantages, including composites based completely on largely renewable materials that are low cost, easily available, biodegradable and with excellent various functional properties. This simple approach of high performance fabrication of composites offers potential for a wide range of application.
Materials and methods

Materials
Natural graphite was kindly provided by Asbury Carbons, Product Number: GNP nano307, hydrochloric acid (36 wt%), sulphuric acid (95-97 %), ascorbic acid (≥99 %), sodium hydroxide (1M) were purchased from Sigma Aldrich. Potassium permanganate (99 %) was supplied by J.T. Baker. All the chemicals were used without any modification. Deionised water (DI) was used throughout the experiments.
MFC characterisation
The shear viscosity of diluted MFC suspension was measured by a Brookfield viscometer model DV2TRV Extra, using a V-72 vane spindle at 1.5 % solid consistency. Transmittance was measured using Shimadzu UV-Vis spectrophotometer 2550 at wavelengths 200 -900 nm at 0.1 % MFC consistency. The experiments were conducted according to the procedures given by Kangas et al. 28 . Zeta-potential was measured using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd.) at 0.1 % MFC consistency. To measure the water retention value (WRV), MFC was mixed with pulp and adjusted to 10 % consistency. The WRV measurements were conducted following the procedure reported by Maloney 29 . The measured parameters are summarised in Table 1. 7 
Preparation of RGO powder
RGO was prepared using a modified Hummers method 20 . Concentrated sulphuric acid (200 cm 3 ) was added to a 1 000 cm 3 flask immersed in an ice bath. Then, 10 g of natural graphite flakes were added with continuous stirring. After 5 min of mixing, 30 g of potassium permanganate was slowly added to the mixture to keep the temperature around 15 o C. The ice bath was then removed and stirring continued for 30 min. The mixture was then heated to around 40 o C in a water bath and kept there for 2 h. Next, the mixture was cooled down to room temperature followed by the addition of 200 cm 3 DI water that led to an exothermic reaction and a rise of temperature to about 80 o C. The mixture was again transferred to a water bath at 95 o C and kept for 2 h. After cooling down to room temperature, excess sulphuric acid was filtered off and the pH of the mixture was adjusted to 7-8 using sodium hydroxide. Then, 40 g ascorbic acid was dissolved in 200 cm 3 DI water and subsequently added to the mixture. The mixture was transferred to a water bath and heated at 95-98 o C for 2 h to reduce GO to RGO. The mixture, still immersed in the water bath was left overnight to cool down. The product was filtered and washed with 10 % HCl, followed by water until reaching neutral pH. RGO powder was obtained after freeze-drying.
Preparation of graphene/MFC and RGO/MFC suspensions
Exfoliation of graphene in MFC suspension was achieved using an IKA Magic Lab (1 dm 3 module micro-plant equipped with a single-walled open 1 dm 3 vessel) 25 . The MFC was first diluted to a consistency of 0.8 wt%. Subsequently, natural graphite and RGO powder were added, respectively, to 8 the suspension in various proportions to yield a solid filler content of 0.5, 1, 3, 5, 7 and 9 wt% with respect to that of solid MFC. The resulting mixtures were then subjected to high shear exfoliation for 60 min. The IKA Magic Lab was continuously cooled with running cold water to prevent overheating and the suspension temperature was maintained to around 25-30 o C. The prepared suspensions were then used to fabricate sheets.
Preparation of composite sheets
The composite sheets were prepared using a modified laboratory hand-sheet former with a pressurised top chamber 30 . A nylon membrane with 1 µm mesh openings was placed on top of the conventional steel wire to prevent the loss of material. The suspensions were controllably measured onto the drainage unit to reach a final basis weight of ~100 g m -2 . To ensure complete drainage of water from the sheets, the dewatering time was set to be 12 min. To prevent shrinkage during drying, the sheets were removed from the hand sheet former and put between two steel mesh wires. Two blotting papers were then placed on the outside of the sandwich structure. The sheets were subsequently dried in a hot press at 120 o C for 10 min applying a pressure of about 50 kPa.
Component and composite characterisation methods
UV-Vis spectroscopy
UV-Vis measurements were carried out using a Shimadzu UV-Vis spectrophotometer 2550 at wavelengths 200 -800 nm. The dispersions were controllably diluted before the measurements.
Scanning electron microscopy (SEM)
The structure and morphology of the composite sheets was recorded using a Zeiss Sigma VP scanning electron microscope at 2 kV acceleration voltage. The films were first sputtered with a goldpalladium film before SEM measurements. 9
Transmission electron microscopy (TEM)
TEM analysis was conducted in a Tecnai 12 from FEI (Hillsboro, Oregon, USA) at 120 kV.
The samples for TEM were prepared by drop casting of diluted suspensions on carbon coated copper grids and dried at room temperature.
Grammage formation measurements
The local grammage variation of the composite sheets was measured by a SCAN-test method based on beta ray absorption using a Beta Formation Tester (Ambertec, Finland). For each sample, 400 points with a step of 1 mm in both x and y-directions on the sheet covering an area of 19 × 19 mm 2 were measured. A lower formation number indicates greater uniformity. The specific formation,
is the formation number, ‫ܨ‬ ఙ in g m ିଶ , normalised with respect to the square root of sheet grammage, ‫ݓ√‬ in ඥg m ିଶ .
Fourier transform mid-infrared photoacoustic spectroscopy (FTIR-PAS)
The chemical structure of the composite sheets was observed using a BIO-RAD FTS 6000 (Hercules, California, USA) spectrometer. A helium gas purging flow was introduced into the sample chamber for 5 min before measurement to reduce the noise. All spectra were scanned within the range 400 -4 000 cm −1 , with 400 scans and a resolution of 32 cm −1 .
Raman analysis
Raman spectra were measured using a WITec alpha300 R Raman microscope (alpha 300, WITec, Ulm, Germany) equipped with a piezoelectric scanner using a 532 nm linear polarised excitation laser. The analysis was made on the raw materials and on the surface of the composite films with a 9 wt% filler loading. 10 2.6.7. X-ray photoelectron spectroscopy (XPS)
The surface chemical composition of graphite, GO and RGO sheets as well as the 9 wt% composites were analysed with XPS, using an AXIS Ultra spectrometer with monochromatic Al Kα irradiation at 100 W, under neutralisation. Pure cellulose filter paper (Whatman) was measured with every sample batch as an in-situ reference for XPS experiments; in this study, it was also used as a reference for cellulose. Before the measurements, the samples were evacuated overnight. Survey scans as well as C 1s and O 1s high-resolution regions were acquired from 2-3 locations; the analysis area was less than 1 mm 2 while the analysis depth is less than 10 nm. CasaXPS software was utilised for data analysis in which the carbon and oxygen content was each determined from survey scans, while carbon high-resolution data ware utilised in further chemical analysis; for the fitting parameters, see reference 31 .
X-ray diffraction (XRD)
XRD data were collected using a Rigaku Smart Lab X-ray diffractometer operating at 50 kV and 200 mA. The diffractograms were obtained using a scanning rate of 1.5 o min -1 in the 1D-mode of a 2-dimensional HyPix-3000 detector. The wavelength of the X-ray beam was 0.154 nm.
Thermogravimetric (TGA) and differential analysis (DTG)
The thermal stability of the composites was characterised by thermogravimetric analysis (TA Instruments Q500). All measurements were conducted under a nitrogen flow rate of 60 cm 3 min -1 over a temperature range of 25-800 °C with a heating rate of 10 °C min -1 .
Optical properties
The optical properties of the films were measured using an L&W Elrepho SE 070R
Spectrophotometer at 395 nm wavelength. 
Nitrogen adsorption measurements
Surface area and pore volume of the composites were determined using a Micromeritics Tristar II. The samples for surface area analysis were prepared by solvent exchange and critical point drying (CPD). Briefly, after removing excess water, the composites were solvent exchanged in acetone for 72 h. Acetone was periodically changed during this process. Immediately after this process, the samples were transferred into a Leica EM CPD300 for CPD in liquid CO 2 . After drying, the samples were immediately transferred to the Micromeritics Tristar II device for nitrogen sorption measurements.
Electrical conductivity
Electrical conductivity of the composite sheets was measured with a four-point probe method (Jandel RM3000: Jandel Engineering Ltd.). The measured resistance was converted to sheet resistance, R s Ω sq. -1 , and the specific resistance, ρ, was then calculated from ρ = R s × t, where t is the film thickness in cm, and subsequently the corresponding electrical conductivity, σ = 1/ρ (S cm −1 ) was calculated.
Results and discussion
The UV-vis spectra of the MFC, MFC/graphene and MFC/RGO suspensions are shown in Figure 1A . A featureless spectrum is seen for the neat MFC samples. However, with the addition of 12 graphene and RGO, the typical characteristic peaks at around 270 nm are observed in the suspensions confirming the presence of the 2-dimesional material and successful integration of graphene and RGO in the MFC suspension matrix. This maximum peak at ~270 nm is attributed to the π -π* transition of aromatic C -C bonds in graphene. The peak also at 267 nm for RGO/MFC suspensions confirms successful reduction of graphene oxide, and is similar to that seen in another study 32 . These results confirm that graphene was successfully exfoliated from graphite and integrated in the polymeric MFC matrix suspension.
The Raman spectra of MFC, RGO and graphite, together with their composites at 9 wt% loading, are shown in Figure 1B . For graphite and graphene/MFC composites, the spectra showed a very pronounced G-band and much weaker D-band. However, the G-band for RGO and RGO/MFC composites broadened and shifted to 1 570 cm -1 and the D-band become more prominent. The detailed
Raman parameters are shown in Table 2 . The G-band is related to the relative vibration of sp 2 bonded carbon atoms, and indicates the presence of graphene, while the D-band is due to the ring breathing modes and is activated only in the presence of defects 33, 34 . The 2D band is the second order of the Dband, and is always present even in defect-free graphene 34 . The intensity ratio of the D and G bands (I D /I G ) is used to estimate the carbon ratio sp 2 /sp 3 , which relates to the quantity of defects 35 . The ratio for pristine graphite is comparable to that of graphene/MFC composites after co-shear exfoliation of the two materials. Normally, when the suspensions are subjected to high shear exfoliation, there is a reduction of size in the graphite particles that leads to an increased amount of edge disorder present in the samples, which is detected by Raman 36 . When comparing the two spectra of pristine graphite and graphene/MFC samples, there are only subtle differences observed ( Table 2 ). The D-and G-bands shifted upwards in wavenumber by about 5 cm -1 and 2 cm -1 , respectively, while the 2D-band shifted downwards by 2 cm -1 and the intensity almost doubled. It has been shown that, as the number of graphene layers are reduced the 2D maximum tends to shift to lower values and the intensity increases 13 25, [37] [38] [39] . These indicators show that graphene was exfoliated in MFC suspensions and the subtitle changes observed confirm that the graphene structure is well preserved and incorporated into the MFC suspension matrix. Our earlier study of shear exfoliation of graphite in surfactant and polymer solutions showed a very significant increase of defects induced by shear exfoliation in graphene 25 . The lower defects in this study shows that MFC prevents detrimental structure damage of graphite during exfoliation.
The intensity ratio (I D /I G ) increases with the quantity of defects present in the graphitic material.
For RGO, significant increase is observed as compared to that of pristine graphite, indicating that oxidation induces defects in the material. Oxidation of graphite leads to an increase in the amount of sp 3 carbon bonds, structural and edge defects, and introduces functional groups into the graphitic carbon chain, which all contribute to the intensity of the D-band. However, the D-band intensity reduced after shear exfoliation of RGO in MFC suspensions, indicating a higher degree of graphitisation 37 and a reduction of structural disorder. It is still unclear why this reduction was observed, but, possibly during shear exfoliation, the continuous strong interfacial interaction/friction of MFC and RGO sheets promotes a restoration of the graphene structure. It is probably the case that there is a restoration of sp 3 to sp 2 carbon bonds during the high shear exfoliation of RGO in MFC suspensions. A more detailed study is required to comprehend this phenomenon fully. The FTIR analysis was employed to study the interaction between graphene and MFC. The FTIR spectra of the raw materials and produced composites are shown in 
.
It is clearly seen in Figure 2 that, with the incorporation of the filler into the MFC matrix, a broader and higher intensity peak is formed which has been attributed to the formation of intermolecular hydrogen bonds between the filler and polymer matrix 43, 44 . Due to the presence of the functional groups on the RGO surface, which promote a hydrogen bond with the MFC matrix, the prominent increase in intensity is observed for the RGO/MFC composites. Similar results have been observed previously between graphene and cellulose based composites 44, 45 .
Despite the presence of the functional groups in RGO (Table S2) , the two spectra for the two composites, i.e. graphene/MFC and RGO/MFC are closely comparable, indicating that successful blending of graphene in the MFC matrix via high shear exfoliation was achieved.
XPS was used to study the surface chemistry of graphene/MFC and RGO/MFC composites. Figure 4 shows full XPS scan spectra together with high resolution C1s. Oxidation of graphene is clearly shown in surface compositions, both in wide spectra, where the oxygen surface content is increased from 5 at% to 20 at%, and in high resolution C 1s regional spectra, where the sharp asymmetric signal, centred around 284.3 eV, is transformed into cluster of components originating from carbon atoms with 0, 1, 2 or 3 bonds to oxygen neighbours. In the case of composite films, the high-resolution C 1s spectra in Figure 4B for both graphene/MFC and RGO/MFC are very similar.
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This might indicate that both RGO and graphite exfoliated and blended/dispersed nicely into the MFC matrix despite that they both nominally have a very different surface chemistry (Table S2 ).
Figure 4 XPS analysis of wide scan and C1s HiRes (inserts) for (A) RGO and graphite and (B)
graphene/MFC and RGO/MFC composites at 9 wt% loading.
XRD was used to study the phase structure and dispersion state of graphene in the MFC matrix. It can be clearly seen from Table 3 that, with the addition of both graphene and RGO, the crystallinity of MFC composites changed. At lower filler loading, the graphene and RGO sheets aligned in parallel and facilitated an ordered alignment of MFC molecules leading to an increased crystallinity. However, at higher filler loading of 9 wt%, a decrease in crystallinity is observed. The higher filler content restricted the movement of cellulose molecules and led to the disordered orientation and organization of cellulose fibrils, thus displaying a decreased crystallinity. These findings are in agreement with other studies that also showed that crystallinity increases at lower loading and decreases at higher filler loadings 44, 48 . In particular, RGO/MFC reinforced composites showed a much greater decrease in 20 crystallinity than MFC/graphene composites. This is due to hydrogen bonding between RGO and MFC molecules that significantly restricts the molecular movement of cellulose. Table 3 Crystallinity of neat MFC together with MFC/graphene and MFC/RGO at different loadings. The crystallinity is estimated by Segal's method 49 .
To achieve the best properties of the reinforced composites, the filler must be homogeneously dispersed in the polymer matrix to allow for an efficient load transfer between the filler and the matrix 50 . The surface chemistry of pristine graphene makes it unsuitable as a reinforcement in most hydrophilic polymer matrices, because graphene tends to agglomerate 51 and, thus, has poor interaction with the aqueous matrix. Functionalised graphene, such as GO and RGO offers the best compatibility potential due to the presence of oxygen functional groups on the surface and edges. The mass distribution of RGO and graphene in the MFC matrix was studied by AMBERTEC Beta Formation
Tester. In Figure 6 , the specific formation number of the neat MFC films is shown in comparison with different graphene and RGO loadings. High specific number means poor distribution of the mass (inhomogeneity) in the film. From the results, it is clearly visible that the high shear exfoliation of graphene in the presence of the MFC suspension significantly helps to distribute the material homogeneously and stabilise the filler in the MFC matrix. The results are closely comparable to that of functionalised RGO, which, in theory, is better equipped to disperse in aqueous medium than pristine graphene due to the presence of functional groups. This shows that the novel approach of high shear The mechanical properties of the graphene/MFC composites depend on the interaction between graphene and the MFC matrix as well as graphene dispersion in the MFC matrix. Figure 8 shows Nanoscale Accepted Manuscript 23 typical stress-strain curves for the neat MFC together with various loadings of graphene and RGO. The neat MFC, graphene/MFC and RGO/MFC composites show a typical brittle character with no specific yield point observed. Similar results were also observed in another study for GO and bacterial cellulose 45 . Compared with the neat MFC, the tensile strength increased and then decreased with further loading of graphene, whilst for the RGO/MFC composites a higher tensile strength is seen at all filler loading content, as shown in Figure 9A . Figure 9B also shows that the Young's modulus was enhanced with the incorporation of co-exfoliated graphene and RGO. For example, at 1 wt% loading, the tensile strength for the graphene/MFC and RGO/MFC composites increased by 24 % and 48 %, whilst the Young's modulus increased by 16 % and 27 %, respectively. The greater enhancement observed for the RGO reinforced MFC composites is due to the oxygen containing groups that promote a strong interaction or hydrogen bonding between RGO and the MFC matrix, and thus provide an intimately bonded medium for stress transfer. The functional groups also promote a homogeneous dispersion of RGO in the MFC matrix, which is also vital for high performance composites 19 . Due to the hydrophobic nature of pristine graphene, it has a strong tendency to aggregate in hydrophilic medium.
The increase in graphene loading led to the deterioration of tensile strength due to the increase of the aggregates in the MFC matrix, which disrupts the MFC fibre network and creates voids, due to a weak interaction with the MFC matrix, and, thus, high local stresses.
The enhancement of the mechanical properties at lower loading of pristine graphene cellulose materials was also observed in other studies [52] [53] [54] . This enhancement suggests that there is some form of interaction that takes place between graphene and the MFC matrix. It has been shown that MFC exhibits amphiphilic properties 55 , which might explain the enhancement of the properties due to the interaction of graphene and the hydrophobic part of MFC. It has also been suggested that the bonding between graphene and MFC matrix could be due to the π-interactions 52, 56 . Similar interactions that are observed between proteins and carbohydrates, for example, enzymes bonding to the (110) crystalline 24 cellulose surface 57 as well as binding of cellulose chains in hydrolytic enzymes 58 . This strong adhesion between graphene and MFC ensures that there is an efficient stress transfer from graphene to the MFC matrix. Moreover, the high shear co-exfoliation process provides an extreme blending/dispersing environment of graphene and the MFC. As graphene is exfoliated, the cellulosic species are exposed to the fresh graphene surface and, in most cases, the surface energy of a fresh surface is higher than on an aged surface, which in turn has adsorbed other stabilising species prior to the exposure to cellulose. This effect has been seen for co-grinding and co-homogenising of MNFC with pigments 59 , where the mechanical properties of the composite were enhanced. The decrease in the mechanical properties at higher graphene content can be explained as being due to the aggregation of graphene in the polymer matrix. Even though MFC can be considered as amphiphilic, in practice it is displaying a surface orientation which is highly hydrophilic in aqueous medium, with only a small hydrophobic part, which is probably hidden in a micelle-like structure.
Therefore, as the graphene concentration is increased, the hydrophobic-hydrophobic interaction between graphene sheets becomes greater than the hydrophobic-hydrophobic interaction between graphene and MFC. This leads to a weaker interaction between graphene and the MFC matrix, 25 resulting in debonding of graphene from MFC fibres as well as a disruption of the MFC network ordering by large graphene aggregates.
Despite the brittle nature of the composites, the breaking strain for the graphene/MFC and RGO/MFC composites both showed a slight increase when compared to the neat MFC, Figure 9C . This can be related to the noncovalent bonding between the filler and MFC fibrils, which can lead to sliding of the graphene sheets. The optical properties of the MFC can be changed by incorporation of graphene and RGO. Figure 10 shows the light scattering of the composites with different filler loading. A significant decrease is observed for both MFC/RGO and MFC/graphene composites as compared to the neat MFC.
However, as expected, the light scattering for the RGO/MFC composites is much less than that for the graphene/MFC composites. These results are in close agreement with the nitrogen adsorption/desorption measurements. Functionalised RGO forms a dense and more intact structure due to the strong interaction with the MFC fibrils, thus lower light scattering power is exhibited by these films in comparison to graphene reinforced MFC composites. Figure 10 The light scattering of the neat MFC films, MFC/RO and MFC/graphene composites TGA was employed to study the thermal stability of the produced composites, with results as shown in Figure 11 together with the differential thermogravimetry data. The thermal stability of the composites was enhanced by incorporation of both RGO and graphene compared to the neat MFC.
Compared to the neat MFC, however, both RGO and graphene reinforced MFC composited materials showed enhanced thermal stability. For example, at 400 o C at 9 wt% filler loading, the resistance to 27 thermal degradation of the RGO/MFC and graphene/MFC composites increased by 36 % and 22 %, respectively. Interestingly, RGO reinforced composites showed better thermal stability than graphene. This is probably due to the consolidation effect between the filler and the MFC matrix 60 . RGO contains oxygen functional groups that promote a strong interaction and bonding with the MFC fibrils.
The RGO sheets completely cover the fibrils and thus prevent exposure of the fibrils to heat. However, due to lack of strong molecular interaction between graphene and MFC fibrils, the fibrils are more exposed externally and thus undergo thermal degradation more readily, and, hence, the graphene/MFC composites showed a comparatively lower thermal stability. The amount of residual char (residuum) is also a good indicator of the thermal stability of the material. At 800 o C for the 9 wt% filler loaded composites, the residual char increased by 40 % and 37 % for the RGO/MFC and graphene/MFC composites, respectively. Due to the strong interaction of RGO and the MFC matrix, the mobility of MFC fibrils at the interface between RGO and MFC is significantly suppressed as compared to that of graphene and MFC, and, thus, a higher amount of char or carbon of MFC deposits at the interface 61 . Another reason for the enhancement of the thermal 28 stability of the composites is attributed to the platelet structure of the filler. The graphene and RGO sheets promote a layered type of structure within the composite, as shown in the SEM images in Figure   7 , which provides an undisturbed lateral route for the volatile degradation products to escape and at the same time reduces significantly the decomposition rate of the whole composite 44 .
The specific surface area of the composites and pore size distribution within them were analysed using the Barrett-Joyner-Halenda (BJH) method. In several applications, the effective surface area and pore structure of the composite in an aqueous medium are important. One way to study the pore structure in this case is to use a critical point drying (CPD) method to prepare an aerogel from the composite. In CPD, the water is exchanged for acetone, and then to liquid CO 2 which is evaporated above the critical point. Since surface tension under these conditions is negligible, consolidation effects are largely avoided. The pore structure measured with nitrogen sorption is representative of the pore structure in the wet state. Figure 12 shows the nitrogen adsorption/desorption isotherms with inserts displaying the pore size distribution, analysed by the BJH method, of individual MFC, RGO and graphite as well as MFC/graphene and MFC/RGO composites at 0.5 and 9 wt% filler loading. It is interesting to note that, with the addition of only 0.5 wt% of graphene, the specific surface area (SSA) increases from 217 to 272 m 2 g -1 and maintains much of the pore volume, as shown in Table 4 . RGO, however, does not show this effect. At 9 wt% filler loading, both the graphene and RGO composites showed a slight increase of SSA whilst the pore volume remained the same. It is possible that the strong hydrophobic interactions of the graphene are helping to space the MFC and create a higher effective surface area. RGO, on the other hand, hydrogen bonds to the MFC and packs in more densely, spaced within the MFC network, leading to a lower surface area and less pore volume. Impact on potential adsorption differences due to the more open structure generated when using pure graphene remain at this stage a point of conjecture. The wide range of pore size distribution might suggest that the composites have potential for application in capacitive desalination technologies, for example 62 . Combination of the meso-and macropores improves the overall efficiency of the composite by enabling a high mass transfer to the mesopores as well as facilitating the formation of an electrical double-layer in the mesopores. Another advantage of these composites for this application is that MFC provides the property of hydrophilicity 
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that is essential for the formation of an electrical double-layer by enhancing adsorption and storage of ions in the inner structure of the composite in aqueous medium 63 . These properties also provide the potential possibility for application in energy storage devices as electrodes. The hydrophilic MFC can be effectively used as electrolyte nano-reservoirs, which can reduce ion transport distance in the mesopores 64 . Moreover, highly hydrophilic MFC exhibits excellent re-swelling properties in aqueous based electrolyte. The electrical properties of the composite films were measured by a four-probe technique and the results are shown in Figure 13 . The neat MFC films are nonconductive. At lower concentration of 0.5 wt% filler loading, the RGO/MFC films already showed conductivity, whilst the graphene/MFC films were still insulators. This is due to the homogeneous dispersion of RGO in the MFC matrix, which enables a complete network of conductive RGO sheets to be formed. However, poor graphene dispersion means that there are still gaps causing discontinuity of the matrix, thus there is an incomplete network of conductive graphene sheets. At higher concentration, however, for example at 9
wt% loading, a high electrical conductivity of about 2.4 S m -1 is observed for the graphene/MFC 31 composites whilst limited to 1.4 S m -1 for the RGO/MFC composites. The difference is due to the presence of defects in RGO caused by the prior oxidation step.
Conclusions
Graphene exhibits exceptional functional properties that can be applied in various applications.
The amphiphilic properties of MFC originating from the O-H and C-H groups support the concept to use it as an ideal material for fabrication of graphene-based composites. In this study, we have shown that few layer graphene can be successfully formed by co-exfoliation of graphite in aqueous MFC suspension by application of high shear. Composites can be derived from the mix of MFC and graphene produced in this manner, which are superior to simple mixing of MFC with separately exfoliated graphene. Such composites are, therefore, principally based on renewable materials and are fabricated using a simple and environmentally friendly method, being highly desirable especially for large scale application. Formation analysis tests showed that graphene was homogeneously dispersed in the MFC matrix, which is vital for producing high performance composites. The composites showed enhanced mechanical, electrical, thermal stability and optical properties. Due to these various excellent functional properties, the composites produced in this novel way have potential application in conductive flexible films, energy storage devices, biosensors, UV-protection, absorbents, ion filters etc.
